SDs are prevalent neurodevelopmental disorders characterized by social impairment and repetitive, restricted behaviors 1 . For the past 30 years, the cerebellum has been implicated in the pathogenesis of these disorders. Cerebellar abnormalities are amongst the most consistent findings in postmortem studies of individuals with ASD 2, 3 , and cerebellar lesions are associated with increased rates of autistic behavior [4][5][6] . We recently demonstrated that disrupted cerebellar PN function was sufficient to generate ASD-related social and repetitive behaviors in a mouse model of tuberous sclerosis complex 7 , further supporting a critical role for the cerebellum in the etiology of ASD. However, the contribution of the cerebellum to the pathophysiology of ASD remains poorly understood.
A
SDs are prevalent neurodevelopmental disorders characterized by social impairment and repetitive, restricted behaviors 1 . For the past 30 years, the cerebellum has been implicated in the pathogenesis of these disorders. Cerebellar abnormalities are amongst the most consistent findings in postmortem studies of individuals with ASD 2, 3 , and cerebellar lesions are associated with increased rates of autistic behavior [4] [5] [6] . We recently demonstrated that disrupted cerebellar PN function was sufficient to generate ASD-related social and repetitive behaviors in a mouse model of tuberous sclerosis complex 7 , further supporting a critical role for the cerebellum in the etiology of ASD. However, the contribution of the cerebellum to the pathophysiology of ASD remains poorly understood.
Within the cerebellum, structural and functional differences in specific cerebellar subregions have been associated with ASD [8] [9] [10] . In particular, data from human neuroimaging and animal studies converge on cerebellar RCrusI, reporting differences in lobular volume, grey matter density, white matter integrity, functional activation patterns, and functional connectivity in RCrusI of individuals with ASD 2, 8, 9 .
Here we combine neuroimaging and neuromodulation in both human and animal models to examine a possible role of RCrusI in ASD.
Results

RCrusI is functionally connected to multiple whole-brain networks in neurotypical adults
We first examined whole-brain seed-to-voxel functional connectivity (FC) from RCrusI in 34 neurotypical participants. Prior to neuromodulation with transcranial direct current stimulation (tDCS), RCrusI exhibited strong functional connectivity with multiple, predominantly left-lateralized, supratentorial regions, including superior, medial, and inferior frontal cortices and temporoparietal regions such as the superior and inferior parietal lobule and middle temporal gyrus ( Fig. 1a and Supplementary Table 1) . RCrusI was anticorrelated with primary somatomotor regions and Heschl's gyrus. These FC patterns reflect known anatomical connections between RCrusI and the cerebral cortex 11, 12 and reaffirm the segregation of motor and nonmotor cerebello-cerebral loops 13, 14 . By seeding different locations within RCrusI, we were also able to confirm functional connectivity between RCrusI and ASD-relevant networks, including the default mode network and the frontoparietal network, replicating data from Buckner et al. in 2011 (Fig. 1b,c) 
11
. Given the extensive functional connectivity of RCrusI, the structural and functional abnormalities in RCrusI often reported in ASD could have wide-ranging impacts on the function of multiple, distributed cortical regions implicated in ASD 8 .
Modulation of RCrusI with tDCS alters brain activity and functional connectivity in neurotypical adults
We next examined whether neuromodulation of RCrusI affected the FC in ASD-associated cerebello-cerebral networks. While acquiring fMRI data in neurotypical adults, we concurrently targeted RCrusI with anodal tDCS. Using the combined tDCS-fMRI data, we then assessed the effects of tDCS on cerebellar blood oxygen level-dependent (BOLD) activation and whole-brain FC. Anodal tDCS depolarizes the resting membrane potential, and this excitatory effect is thought to increase cerebellar PN activity 15 . We first compared the BOLD activation between our anodal and sham tDCS groups during 20 min of 1.5-mA tDCS administered over the right posterolateral cerebellum. Compared to sham, anodal tDCS resulted in decreased BOLD signal in the right cerebellar nuclei, with the peak signal difference located in the right dentate nucleus (Montreal Neurological , k = 110, max T = 4.62; Fig. 1d ). This finding is consistent with increased inhibitory PN output from RCrusI to the right cerebellar nuclei as a result of anodal tDCS. To ensure that the effects of tDCS on FC were specific to RCrusI-associated cerebello-cerebral networks, we seeded several control regions for which we did not anticipate modulation of functional connectivity. We confirmed that anodal tDCS had no effect on FC of neighboring lobules in the cerebellum (right lobule VIIIA), left-lateralized cerebellar homologues (left dentate, left CrusI), or the cerebellar somatomotor hand representation in the right anterior lobe ( Supplementary Fig. 1 ).
We next assessed the impact of anodal tDCS on whole-brain FC from RCrusI. During anodal tDCS, we identified decreased FC between RCrusI and the left inferior parietal lobule (IPL) in the anodal tDCS group compared to the sham group (Fig. 1e and Supplementary  Table 2 ). The IPL is an important node in both default and frontoparietal resting-state networks 16, 17 , has been implicated in social processing and ASD
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, and is anatomically connected to the cerebellum 19 . Moreover, when FC from the left IPL seed was examined, we not only identified the expected, reciprocal decreased FC with RCrusI but also found altered FC between the IPL seed and important nodes of the default mode network (Fig. 1f) . Given the increased male:female ratio in autism, we confirmed that there were no effects of sex on these RCrusI-IPL functional connectivity patterns. Within each sex, anodal versus sham tDCS comparisons were statistically significant (t tests; anodal versus sham in males, P = 0.025; in females, P = 0.0002), and there were no differences between sexes within each group (anodal males versus females, P = 0.86; sham males versus females, P = 0.42). Taken together, our human imaging results demonstrate strong FC between RCrusI and supratentorial networks known to be altered in ASD and demonstrate that modulation of these cerebellocerebral circuits is possible via anodal tDCS targeting RCrusI.
Modulation of RCrusI reveals RCrusI-IPL functional connectivity in mice
We next aimed to more directly explore a possible functional role of RCrusI in ASD-related behaviors. To do this, we turned to mouse models, which offer numerous advantages for performing these functional studies. We began by examining whether the RCrusI-cerebral functional connectivity that we identified in our human participants was consistent between mice and humans. As anodal tDCS reliably modulated functional connectivity between RCrusI and the left IPL, we combined DREADDs (designer receptors exclusively activated by designer drugs) 20, 21 with in vivo cortical single-unit recordings to examine whether similar functional connectivity existed and could be modulated in mice. We reduced PN firing by injecting an adeno-associated virus (AAV) containing a Cre-recombinase-dependent inhibitory DREADD (hM4Di) into RCrusI of mice expressing Cre in PNs (Fig. 2a-c and Supplementary Fig. 2 ). In acute slice preparations, we confirmed that PN firing was inhibited in the presence of the ligand clozapine-N-oxide (CNO) and that this inhibition was restricted to infected PNs ( Fig. 2a and Supplementary Figs. 3 and 4). The observed frequency of PN activity was consistent with reductions in PN firing rates in zebrin-expressing cerebellar domains [22] [23] [24] . To further confirm the efficacy of cerebellar modulation in vivo, we combined the above chemogenetic strategy with single-unit recordings from RCrusI in anesthetized animals ( Supplementary Figs. 5 and 6 ). We first demonstrated that single-unit recordings were recorded from PNs by the presence of both complex spikes and complex-spike-mediated inhibition of simple spikes ( Supplementary Fig. 5 ). Subsequently, upon CNO administration, we identified reduced PN firing in vivo ( Supplementary Fig. 6 ).
To assess the functional impact of our DREADD-mediated inhibition of RCrusI PNs on cerebello-cerebral circuits, we recorded in vivo single-unit firing activity from mouse parietal association cortex, in the region corresponding to human IPL (Fig. 2d-f and Supplementary Fig. 7 ) [25] [26] [27] . Upon isolation of single units, we identified an inverse relationship between cerebellar modulation and contralateral parietal association cortical activity, consistent with known inhibitory output from the cerebellum (Fig. 2e,f and Supplementary Fig. 8 ) and the results from our human studies (Fig. 1) . DREADD-mediated inhibition of RCrusI PNs resulted . d, BOLD signal in the right dentate cerebellar nucleus (DCN; outline of the dentate nucleus is shown) during RCrusI anodal tDCS (anodal < sham; n = 18 anodal, n = 15 sham; results were thresholded at P < 0.001, k > 150). e, FC between RCrusI and the left IPL during anodal tDCS relative to sham. f, FC from the IPL during tDCS (blue; anodal < sham; n = 18 anodal, n = 15 sham) shown in the context of pre-tDCS DMN network connectivity (fuchsia). SFG, superior frontal gyrus. Unless otherwise noted, results were thresholded at voxel-level P < 0.001, with a false discovery rate (FDR) cluster correction P < 0.05. https://doi.org/10.1038/s41593-017-0004-1
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NATuRe NeuRoSCIeNCe in increased single-unit firing rates in the contralateral parietal association cortex, whereas mock-infected controls showed no changes in parietal cortical firing rates (Fig. 2e,f and Supplementary  Fig. 9 ). These data demonstrate functional RCrusI-cerebral functional connectivity in mice, mirroring the RCrusI-IPL circuit identified in our human cohort.
Disrupted RCrusI-cerebral structural connectivity in ASD mouse model and functional connectivity in ASD Given that RCrusI neuromodulation affected similar cerebellocerebral circuitry in humans and mice, together with the evidence linking RCrusI to ASD pathogenesis, we next used neuroimaging (structural covariance MRI) to evaluate whether RCrusI-cerebral structural connectivity was disrupted in a mouse model of ASD, the PN Tsc1-mutant mouse 7, 28, 29 . Compared with control mice, mutant mice exhibited significant differences in structural connectivity between bilateral CrusI and multiple cortical areas (Fig. 3a- Table 3 ). In particular, we identified significant increases in structural connectivity between RCrusI white matter and parietal association areas (Fig. 3e  and Supplementary Table 3 ), suggesting that the RCrusI-IPL functional connectivity identified in human participants and mice is structurally altered in a mouse model of ASD (Figs. 1 and 2 ). We then examined CrusI-cerebral structural connectivity and identified abnormal, asymmetric structural connectivity between right and left CrusI and contralateral cerebral cortices in mutant mice ( Supplementary Figs. 10 and 11) .
To determine whether alterations in cerebello-cerebral connectivity are present in individuals with ASD, we also examined RCrusI-left IPL functional connectivity in a large sample of children with ASD (Supplementary Table 4 ). Compared to age-matched typically developing children, children with ASD showed increased FC between RCrusI and left IPL (P = 0.012; Fig. 3f ). Taken together, these data demonstrated disrupted RCrusI-cerebral structural connectivity in the Tsc1-mutant mouse model of ASD and functional connectivity in human individuals with ASD.
RCrusI inhibition results in autism-related behaviors in mice
As these findings further indicated that RCrusI abnormalities are relevant to ASD, we next assessed whether RCrusI dysfunction could itself be sufficient to generate ASD-related behaviors. Because clinical studies and our previous work found reductions in PN firing properties and excitability in humans with ASD 30,31 and in an ASD mouse model 7 , we evaluated whether chemogenetically mediated inhibition (hM4Di DREADD) of PN firing in RCrusI would be sufficient to generate ASD-related behaviors, such as social impairments, cognitive inflexibility, and repetitive behaviors. We first assessed whether RCrusI inhibition resulted in impairments in social interaction in the three-chambered apparatus ( Fig. 4a ; n > 10 animals for all behavioral tests, except when otherwise specified; all numbers and statistics for behavioral testing are provided in Supplementary Tables 5 and 6) 32 . On social approach testing, vehicle (VEH)-treated mice showed the expected social preference for the novel animal (Fig. 4b, Supplementary Fig. 12 , and Supplementary  Table 5 ). However, upon CNO-induced inhibition of RCrusI PN activity, mice demonstrated impaired social preference, supporting a role for RCrusI in the regulation of typical social behaviors ( Fig. 4b and Supplementary Fig. 12 ). To control for the effects of CNO, we examined VEH-and CNO-treated mice injected with GFP into RCrusI and found no social impairment in these mice (Fig. 4b, Supplementary Fig. 12 , and Supplementary Table 5) .
We then evaluated these animals in a social-novelty model in the three-chambered apparatus. Whereas control mice (VEH-treated RCrusI hM4Di-infected or GFP-infected mice) displayed significant preferences for social novelty, mice with DREADD-mediated inhibition of RCrusI PNs failed to show preference for social novelty ( Fig. 4c and Supplementary Fig. 13 ). Social approach and novelty experiments were repeated in an independent cohort of mice (n = 9), who also displayed social deficits upon DREADD-mediated inhibition of RCrusI ( Supplementary Figs. 12 and 13) .
To ensure that significant alterations in gross motor function did not preclude interpretation of social deficits in RCrusI-inhibited mice, we tested locomotor activity and motor function following Table 5 ). In addition, in light-dark box testing, there was no evidence of visual deficits as a result of RCrusI PN inhibition ( Supplementary Fig. 18 ). We also examined olfactory function and percentiles. ***P < 0.001; **P < 0.01; *P < 0.05; ns, not significant; NA, novel animal; NO, novel object; FA, familiar animal; T (1, 2, or 3), timepoint; rev, reversal learning phase. Individual data points for bar graphs plotted in Supplementary Figs . 12, 13, and 15. Statistical analysis, including P values and complete animal numbers, can be found in Supplementary Table 5 .
https://doi.org/10.1038/s41593-017-0004-1
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NATuRe NeuRoSCIeNCe found no deficits in olfaction to nonsocial cues; however, consistent with the social deficits evident in the three-chambered apparatus, DREADD-mediated inhibition of RCrusI led to reduced exploration of social olfactory cues ( Supplementary Fig. 18 ). Lastly, we tested whether RCrusI might also regulate repetitive behaviors and behavioral inflexibility, two additional core features of ASD. In two independent cohorts, inhibition of RCrusI led to increased grooming behaviors ( Fig. 4d . RCrusI inhibition also resulted in behavioral inflexibility as assayed in the water Y-maze. Although DREADD-mediated inhibition of RCrusI did not affect acquisition learning of the escape platform location, it did significantly impair reversal learning when compared to control groups ( Fig. 4e and Supplementary Fig. 15 ).
Across behavioral assays, ASD-related behavioral deficits appeared to be specific to inhibition of RCrusI. Social function was not impaired after DREADD-mediated inhibition of left Crus I (LCrusI; . Taken together, our findings indicate that chemogenetically mediated inhibition of RCrusI is sufficient to generate autism-related behaviors.
Stimulating RCrusI activity rescues social impairment in PN
Tsc1-mutant mice Knowledge of the anatomical substrates underlying behaviors observed in autism carries the potential for remediation and even rescue of these behaviors. Therefore, we evaluated whether modulation of RCrusI function could rescue autistic-related behaviors in a mouse model of ASD (PN Tsc1-mutant mice). Given that PN firing rates and excitability are reduced in PN Tsc1-mutant mice 7 and that DREADD-mediated RCrusI inhibition resulted in social deficits, repetitive behaviors, and inflexible behaviors, we tested whether DREADD-mediated increases in RCrusI PN activity could ameliorate autistic-related behaviors in the Tsc1 mouse model. To stimulate RCrusI PNs, we injected AAV8 containing the stimulatory DREADD (hM3Dq) into RCrusI of PN Tsc1-mutant mice. In acute brain slice recordings, CNO application increased PN firing rates in hM3Gq-containing mutants (Fig. 5a ). To determine whether DREADD activation would modify the same RCrusI-parietal lobe circuits that we identified in our human and mouse studies, we acquired single-unit in vivo recordings from contralateral parietal association areas. Consistent with our previous findings, activation of RCrusI PNs reduced single-unit firing rates in the left parietal association cortex (Fig. 5b,c) , providing further support for the RCrusI-parietal connectivity identified above in our mouse models and human cohorts.
We then evaluated whether stimulation of RCrusI PNs was sufficient to ameliorate the autism-related behaviors seen in PN Tsc1-mutant mice. First, we examined social behaviors in these mice in the three-chambered apparatus. In social approach testing, as expected, GFP-infected and VEH-treated DREADD-infected mutant mice demonstrated impaired social interaction ( Fig. 5d and Supplementary Figs. 21 and 22 ). In contrast, stimulation of RCrusI PNs in mutant mice resulted in significant preference for the social stimulus (P < 0.0001), consistent with rescue of social impairments ( Fig. 5d and Supplementary Fig. 21 ). Social novelty testing revealed a similar effect of DREADD-mediated RCrusI stimulation, resulting in a preference for social novelty ( Fig. 5e and Supplementary  Fig. 22 ), while GFP-injected or VEH-treated mutant mice demonstrated continued absence of social preference. We again evaluated whether impaired motor coordination or locomotor deficits could have impacted performance on these social tasks, and we found no 
Discussion
Human clinical data and animal models of ASD consistently implicate the cerebellum in the pathogenesis of ASD [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Previous studies in mouse models have shown that cerebellar dysfunction is sufficient to generate autism-related behaviors in mice 7,23,33,34 but have not examined the specific cerebellar regions responsible for these functions. While differences in RCrusI are strongly associated with ASD, the contribution of RCrusI dysfunction to ASD remains unclear. Here we investigated the role of RCrusI in autism and autism-related behaviors using a multimodal approach (neuromodulation, neuroimaging, and electrophysiology) in both humans and mice, which enabled us not only to examine RCrusI-cerebral cortical circuits but also to determine the contribution of RCrusI to ASD-related behaviors. We demonstrated that RCrusI is functionally connected to resting-state networks known to be altered in ASD, and we identified disrupted RCrusI-cerebral cortical functional connectivity in children with ASD and structural connectivity in the PN Tsc1 ASD mouse model. Further studies are needed to examine whether these alterations are associated with specific phenotypic presentations of ASD.
In both humans and mice, modulation of RCrusI altered functional connectivity with the IPL, and we observed abnormal functional connectivity between RCrusI and left IPL in individuals with ASD and atypical RCrusI-IPL structural connectivity in the PN Tsc1-mutant model of ASD. The left IPL is believed to integrate visuospatial, motor, and cognitive information 35 , and it has been shown to be critical for imitating and interpreting the gestures of others 36 . These functions are consistent with evidence that children with ASD struggle to efficiently integrate visual information to guide skilled behaviors 37, 38 , which is necessary for both imitation and normal social interaction and may be critical to the development of core ASD symptoms 39, 40 . Subsequent studies should determine whether the ASD-related behavioral changes observed in mice following RCrusI neuromodulation are mediated by RCrusI-IPL connections.
Our previous work in humans with ASD found that grey matter volume in RCrusI correlates with core ASD symptoms of social and communication skills and repetitive and restricted behaviors 8 . In our current mouse studies, chemogenetically mediated inhibition of RCrusI was sufficient to generate social impairments and repetitive and inflexible behaviors, while excitation of this same region, even in adult Tsc1-mutant mice, restored normal social behaviors. These findings point to a role for cerebellar RCrusI in the regulation of these behaviors in mice. In the future, studies should examine whether dysfunction or damage specific to RCrusI is associated with a higher degree of social impairment and repetitive behavior in other neurodevelopmental and clinical cerebellar populations 41 . Indeed, activation in RCrusI has been associated with a range of tasks relevant to social processing in typically developing individuals, including abstract mentalizing 42 , imitation 43 , ascribing social attributes to inanimate objects 44 , and facial processing 45 . While we did not assess the impact of cerebellar neuromodulation on social Articles NATuRe NeuRoSCIeNCe processing in humans in this study, our mouse data and human functional connectivity findings suggest that this may be a fruitful direction for future research.
While inhibition of RCrusI resulted in social impairments and repetitive behaviors, RCrusI activation only rescued social impairments and did not rescue repetitive or inflexible behaviors. This discrepancy may reflect the possible involvement of multiple cerebellar areas in the regulation of repetitive, restricted behaviors 10 . Alternatively, it may reflect the existence of differential critical periods for the rescue of social versus repetitive and inflexible behaviors 46 . Future studies will be necessary to determine the specific networks that mediate RCrusI regulation of ASD-related behaviors. These studies not only will allow us to better understand the lateralized nature of these connections but also will further define the functional roles of individual circuit components and mechanisms underlying potential critical periods for treatment of specific ASDrelated behaviors.
In addition, because of the established role of the cerebellum in motor control, it was crucial for us to confirm that the observed social impairments and increased repetitive behaviors produced by RCrusI inhibition were not due to motor coordination deficits that would preclude interpretation of ASD-related behavioral testing. Although we did not identify any such locomotor deficits, we cannot exclude a role for RCrusI in motor function. In fact, it is possible that, although this degree of PN RCrusI inhibition was sufficient to generate ASD-related behaviors, it may have been insufficient to generate previously demonstrated motor deficits . Box, 25th-75th percentiles; whiskers, 2.5th-97.5th percentiles. ***P < 0.001; ns, not significant; NA, novel animal; NO, novel object; FA, familiar animal; T1, trial 1; rev, reversal. Individual data points for bar graphs are plotted in Supplementary Figs. 21, 22 , and 24. Statistical analysis and complete animal numbers can be found in Supplementary Table 6. https://doi.org/10.1038/s41593-017-0004-1
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NATuRe NeuRoSCIeNCe study, as neuromodulation was not conducted in an ASD population, we are unable to assess whether cerebellar neuromodulation will ameliorate ASD behaviors in humans or be tolerated in individuals with ASD. That said, cerebellar neuromodulation has shown promise in the treatment of other neuropsychiatric disorders, such as epilepsy and schizophrenia 15, 49 . Here we show that cerebellar neuromodulation via tDCS alters RCrusI-cerebral circuits in neurotypical adults and that functional connectivity in these circuits is atypical in children with ASD. Future studies must examine whether RCrusI modulation in humans mirrors the behavioral benefits seen here in an ASD mouse model. These strategies are of critical importance, as currently there are no therapies for individuals with ASD that target known neurobiological correlates of the disorder. Our findings may thus provide the foundation for future development of neuroanatomically based therapies to improve core symptoms in individuals with ASD.
Methods
Methods, including statements of data availability and any associated accession codes and references, are available at https://doi. org/10.1038/s41593-017-0004-1. Participants were all right-handed, native English speakers with no history of neurological conditions, head trauma, or psychiatric or developmental disorders, and no contraindications for tDCS or MRI. Participants were randomly assigned to either the anodal (n = 20; 6 males) or sham (n = 15; 6 males) tDCS group upon arrival at the scanning center. We prioritized assignment of participants to the active tDCS condition. No statistical methods were used to predetermine sample sizes, but our sample sizes exceed those reported in previous similar studies 50 . Participants were blind to their tDCS condition (active or sham). We excluded one subject from all imaging analyses due to the presence of scanner artifact unrelated to the current experiment, leaving a final sample of 34 participants (23 females, 11 males; mean age 23.75 ± 2.74 years; n = 19 anodal (5 males), n = 15 sham (6 males)). We also excluded one additional participant from the during-tDCS analyses due to scanner malfunction during tDCS data collection (during tDCS, n = 33; 22 females, 11 males; mean age 23.82 ± 2.76 years; n = 18 in the anodal group (5 males) and n = 15 in the sham group (6 males)).
Participants with autism spectrum disorder. To examine functional connectivity in a group of participants with autism spectrum disorder (ASD), we analyzed resting-state functional magnetic resonance imaging (rsfMRI) scans collected from children aged 8-13 years old. Eighty-one children had a diagnosis of ASD (mean age 10.36 ± 1.44), and 81 were typically developing (TD) children (mean age 10.39 ± 1.17) drawn from a larger sample of 195 TD children with usable rsfMRI data (Supplementary Table 4 ). No statistical methods were used to predetermine sample sizes, but our sample sizes are substantially larger than those reported in previous publications 25 . Data were acquired as part of an ongoing study at the Center for Neurodevelopmental and Imaging Research (CNIR) at the Kennedy Krieger Institute (KKI). Participants were recruited via advertisements posted in the community, local pediatricians' and psychologists' offices, local schools, social service organizations, chapters of the Autism Society of America, the Interactive Autism Network (IAN) database, outpatient clinics at Kennedy Krieger Institute, and word of mouth. The study was approved by the Johns Hopkins Medical Institutional Review Board. Written consent was obtained from a parent/guardian and assent was obtained from the child. All of the participants had a full scale intelligence quotient of at least 80 as measured by the Wechsler Intelligence Scale for Children version IV (n = 148; WISC-IV 51 ) or version 5 (n = 14; WISC-V 52 ), unless there was a 12-point or greater discrepancy in subscale scores, in which case the Verbal Comprehension Index, Perceptual Reasoning Index, or the Visual Spatial Index or Fluid Reasoning Index had to be at least 80 and the lower of the indices could not be below 65. None of the participants had a history of seizures or other neurological disorders, severe chronic medical disorders, diagnosed genetic disorders, or psychotic disorders. TD children were excluded if they had a first-degree relative with ASD or if parent responses revealed a history of a developmental or psychiatric disorder.
To confirm ASD diagnosis, a Master's level or higher research-reliable psychologist administered the Autism Diagnostic Interview-Revised (ADI-R) and the Autism Diagnostic Observation Schedule-Generic module 3 (ADOS-G, n = 35) or the Autism Diagnostic Observation Schedule-2 module 3 (ADOS-2, n = 46). All subjects met DSM-IV criteria for ASD based on the ADOS or ADI-R and the judgment of a clinician. Mean scores for the ADOS Social Interaction + Communication, Repetitive Behaviors, and ADOS Total were 11.42 ± 3.39, 2.70 ± 1.73, and 14.11 ± 3.88, respectively. For the ADI, scores for the Reciprocal Social Interaction, Communication, and Restricted, Repetitive, and Stereotyped Behavior subscales were 20.2 ± 5.5, 15.8 ± 4.5, and 6.07 ± 2.04, respectively (Supplementary Table 4 ).
Combined tDCS-fMRI. TDCS was applied using the NeuroConn DC-Stimulator MR Plus (Jali Medical, Inc.), which is compatible with the MRI environment. Electrode placement on the head took place outside of the scanner. A 5 × 7-cm saline-soaked electrode pad was placed over the right posterolateral cerebellum, 1 cm down and 4 cm to the right of the inion (estimated to be over right lobule VII), with the reference electrode on the right pectoral muscle. Anodal current was ramped up to 1.5 mA over 15 s, applied for 20 min, and then ramped down over 15 s. In sham conditions, the current was ramped up over 15 s and immediately ramped down at the beginning of the 20 min. This allowed participants to experience the initial tingling sensation associated with tDCS without receiving enough stimulation to modulate neuronal excitability. Following the scanning session, participants completed a self-scored questionnaire to rate side effects both during and after tDCS, such as tingling, itching, burning, attention, fatigue, and pain.
MRI acquisition and parameters. Functional MRI was performed on Georgetown University's Center for Functional and Molecular Imaging (CMFI) Magnetom Trio 3 T scanner with a 12-channel head coil. Prior to acquisition of resting-state scans and tDCS, we acquired one high-resolution T1-weighted structural scan (parameters: sagittal acquisition, TR/TE: 1,900 ms / 2.52 ms, FoV 250, 1-mm thickness with 18% oversampling, creating 1-mm cubic voxels). Resting-state scans were acquired prior to (168 volumes, 7 min total) and during (480 volumes, 20 min total) the administration of tDCS (parameters: echo planar imaging (EPI), 38 slices, TR/TE 2,000 ms / 30 ms, FoV 64 × 64 mm, 3.2-mm cubic voxels). For pre-tDCS resting-state scan acquisition, participants were instructed to close their eyes and clear their heads of any particular thoughts. During the 20 min of tDCS administration, participants passively watched a film while lying still in the scanner.
Pediatric rsfMRI image acquisition. RsfMRI scans were acquired on a Phillips 3 T MRI scanner (Achieva, Philips Healthcare, Best, The Netherlands) using a single-shot, partially parallel (SENSE) gradient-recalled echo planar sequence (parameters: TR/TE: 2,500 ms / 30 ms, flip angle = 70°, SENSE acceleration factor of 2, 3-mm axial slices with no slice gap and an in-plane resolution of 3.05 × 3.15 mm (84 × 81 voxels), 128 or 156 timepoints) and either an 8-channel (n = 112) or a 32-channel head coil (n = 50). An ascending slice order was used, and the first four volumes (10 s) were discarded at acquisition to allow for magnetization stabilization. Children were instructed to relax and focus on a crosshair while remaining as still as possible.
Resting-state functional connectivity analysis in healthy adults. Image preprocessing and statistical modeling were carried out using the CONN toolbox (version 15e) as implemented in Matlab 2015 (http://www.nitrc.org/projects/ conn) 53 . For each participant, resting-state functional scans were preprocessed using a standard pipeline: removal of the first five volumes, slice-time correction, realignment and unwarping, ART scrubbing for outlier detection using the default thresholds in CONN, normalization, and smoothing (8 mm FWHM). Images were bandpass-filtered (0.01-0.09 Hz) and confounds such as signal from white matter, cerebrospinal fluid (CSF), movement parameters, and time-series predictors of global signal were removed following the CompCor strategy implemented in the CONN toolbox 54 . Groups did not significantly differ in maximum head displacement during tDCS (t test, P = 0.27) or average number of scans removed (t test, P = 0.11). Whole-brain BOLD signal was not used as a regressor to enable interpretations of anticorrelations. We conducted seed-to-voxel analyses from a priori regions of interest (ROIs). For each ROI, whole-brain seed-to-voxel analyses were conducted to identify voxels with highly correlated time-courses. BOLD-signal time-series were extracted from each seed and correlated with every other voxel in the brain using the CONN toolbox. At the first level, seed-to-voxel correlation maps were created for each participant both before and during tDCS. We conducted functional connectivity analysis on the 20 min of data collected during tDCS. Functional connectivity maps were compared between groups using two-tailed t tests (anodal > sham and sham > anodal). Data distribution was assumed to be normal, but this was not formally tested. Results were thresholded at P < 0.001 at the voxel level, with a false discovery rate (FDR) cluster correction of P < 0.05.
Resting-state functional connectivity analysis in ASD participants. Data were processed using Statistical Parametric Mapping software (SPM12, Wellcome Trust Centre for Neuroimaging, Department of Cognitive Neurology, Cambridge, UK) and custom code written in Matlab (Mathworks, Inc.). RsfMRI scans were slice time adjusted, realigned, and normalized to the Montreal Neurological Institute template, and each rsfMRI scan was temporally detrended on a voxel-wise basis. The CompCor strategy was used to estimate spatially coherent noise components from tissues not expected to exhibit BOLD signals and remove them from the data, as this method has been shown to selectively attenuate physiological noise and motion artifact 54, 55 . RsfMRI data were smoothed (6-mm FWHM) and bandpassfiltered (0.01-0.1 Hz). Using ROIs defined by our tDCS-fMRI data (RCrusI, L IPL), we conducted an ROI-to-ROI analysis to assess whether FC between these regions was disrupted in children with ASD. For each subject, average time-series were extracted from each ROI; a pairwise Pearson correlation was calculated and converted to a z-score representing RCrusI-L LIPL functional connectivity using Fisher's z-transform.
We matched the distribution of demographic (age, gender, handedness, intellectual ability derived from WISC-IV/WISC-5, and socioeconomic status 56 ; Supplementary Table 4) and rsfMRI data quality covariates (mean FD, receiving coil type, scan length) in the ASD and TD groups. Because of the large number of covariates, we used the MatchIt package in R 57 to calculate a propensity score for each subject and find 81 ASD-TD pairs with the smallest distance between them to minimize selection bias 58 . Supplementary Table 4 summarizes the characteristics of the final sample. Data distribution was assumed to be normal, but this was not formally tested. We compared RCrusI-L IPL functional connectivity between groups using a two-sample t test thresholded at P < 0.05.
Seed selection.
To investigate functional connectivity changes from the cerebellar region under the active electrode, the SUIT atlas 59, 60 was used to create an RCrusI seed (consisting of the whole volume of RCrusI). To examine cerebello-cerebral connectivity in various resting-state networks, spherical seeds were created using peak coordinates from Buckner et al. 11 . Buckner and colleagues explored the organization of cerebello-cerebral networks using resting-state functional connectivity, finding that the cerebellum houses multiple representations of six of the seven major cerebral resting state networks. RCrusI of the cerebellum primarily targets two cerebral resting-state networks: the default mode network (DMN) and the frontoparietal (FP; also known as the cognitive control) network. The size of the seeds reflected the size differences in the territories of these networks in the cerebellum. Within RCrusI, the frontoparietal network seed was a 5-mm sphere centered on MNI coordinates 39, − 72, − 27 11 , and the DMN seed was an 8-mm sphere centered on MNI 29, − 78, − 32. The seeds were visually checked to ensure that they did not overlap and to confirm that both were contained within RCrusI. To determine that the effects of tDCS were specific to the right cerebellar hemisphere, we created two left-lateralized region-of-interest seeds (left dentate nucleus; LCrusI) using the SUIT atlas. In addition, to ensure that tDCS modulation was specific to cerebello-cerebral networks involving RCrusI, we created two motor seeds: one 5-mm spherical seed centered on MNI coordinates 17, − 52, − 24, corresponding to the hand representation in the cerebellar anterior lobe; and a seed in lobule VIIIA, which abuts lobule VII, created using the SUIT atlas. Labeling and localization of regions was conducted using the AAL atlas in MRICron 61 for cortical regions and the SUIT atlas for localization of cerebellar results 59, 60 .
BOLD activation during tDCS. Preprocessed resting-state data from the CONN toolbox were entered into SPM to examine BOLD activation patterns in anodal tDCS versus sham groups during tDCS administration. In order to capture small variations in BOLD signal as a result of tDCS administration during rest, we modeled each TR (2.5 s) as a separate onset with a duration of 2.5 s for the duration of tDCS application (20 min) at the first level. ART motion parameters and outliers were entered as regressors. Individual contrast files were then entered into a full factorial model in SPM8. To reflect very small variations in BOLD signal during rest periods, we used an uncorrected threshold of P < 0.001 at the voxel level with a minimum cluster size of k = 150. Cre ;Tsc1 loxP/loxP mice. Only male animals were used for behavioral experiments. Mice were of mixed genetic backgrounds (C57Bl/6 J, 129 SvJae, BALB/cJ). Littermate controls were used for all behavioral experiments. All experimental protocols were approved by the University of Texas Southwestern Institutional Animal Care and Uses Committee.
Mice. L7/Pcp2-Cre
Viral injections.
Stereotactic injections of virus were done using stereotaxic apparatus (Stoelting) in combination with a nanojector (WPI) 2-3 weeks prior to behavioral testing. Viruses utilized in this study included: AAV8-hSyn-DIOhM3D(Gq)-mCherry (hM3Dq), AAV8-hSyn-DIO-hM4D(Gi)-mCherry (hM4Di), and AAV8-CMV-GFP, all of which were obtained from the University of North Carolina Viral Vector Core. Injections were targeted to cerebellar domains, RCrusI (stereotactic coordinates from lambda: − 3.25, − 2.75, − 0.8), or LCrusI (stereotactic coordinates from lambda: 3.25, − 2.75, − 0.8).
Chemogenetic activation. For in vivo studies, mice were administered clozapine-N-oxide (CNO): 5 mg/kg intraperitoneally 30 min prior to initiation of behavioral testing. CNO (Sigma) was dissolved in 0.5% DMSO in 0.9% saline (vehicle). For in vivo electrophysiology experiments, CNO was administered after baseline recording was attained with continued recording subsequent to CNO administration. For acute slice recordings, CNO studies were performed at 10 µ M.
Electrophysiology in acute slices. Acute slice preparation. Acute sagittal slices (250-300 µ m thick) were prepared from the cerebellum of 4 and 6 week old mutant and control littermates. Slices were cut in an ice-cold artificial cerebrospinal fluid (ACSF) solution consisting of (in mM): 125 NaCl, 26 NaHCO 3 , 1.25 NaH 2 PO 4 , 2.5 KCl, 1 MgCl 2 , 2 CaCl 2 , and 25 glucose (pH 7.3, osmolarity 310), equilibrated with 95% O 2 and 5% CO 2 . Slices were initially incubated at 34 °C for 25 min and then at room temperature (21-22 °C) prior to recording in the same ACSF.
Recordings. Visually guided (infrared DIC videomicroscopy and water-immersion 40 × objective) whole-cell recordings were obtained with patch pipettes (2-4 MΩ ) pulled from borosilicate capillary glass (World Precision Instruments) with a Sutter P-97 horizontal puller. Electrophysiological recordings were performed at 31-33 °C. For current-clamp recordings, the internal solution contained (in mM): 150 potassium-gluconate, 3 KCl, 10 HEPES, 0.5 EGTA, 3 MgATP, 0.5 GTP, 5 phosphocreatine-tris 2 , and 5 phosphocreatine-Na 2 . The pH was adjusted to 7.2 with NaOH. Current-clamp and extracellular recordings were performed in NBQX (5 µ M), R-CPP (2.5 µ M), and picrotoxin (20 µ M) to block AMPA receptors, NMDA receptors, and GABA A receptors, respectively. All drugs were purchased from Sigma-Aldrich or Tocris.
Data acquisition and analysis. Electrophysiological data were acquired using a Multiclamp 700B amplifier (Axon Instruments), digitized at 20 kHz with either a National Instruments USB-6229 or PCI-MIO 16E-4 board and filtered at 2 kHz. Acquisition was controlled with custom software written in either MATLAB or pCLAMP. Series resistance was monitored in voltage-clamp recordings with a 5-mV hyperpolarizing pulse, and only recordings that remained stable over the period of data collection were used. Glass monopolar electrodes (1-2 MΩ ) filled with ACSF in conjunction with a stimulus isolation unit (WPI, A360) were used for extracellular stimulation of climbing and parallel fibers.
Mouse in vivo electrophysiology. Acute surgery and recording. Male and female mice of each genotype aged 5-7 weeks were anesthetized using a combination of ketamine (100 mg/kg), xylazine (10 mg/kg), and acepromazine (2 mg/kg). The depth of anesthesia was confirmed by an absent reflex withdrawal of the hind paw to a strong pinch. The mouse was transferred to a stereotaxic head mount for surgery. Core body temperature was measured with a rectal probe and maintained at 37 °C with a TC-1000 temperature controller (CWE Inc., Ardmore, PA). A craniotomy for access to the parietal cortex was performed to remove a rectangular flap of bone over the recording region. The location of recording was 1.5 mm anterior and 0.75 mm lateral to lambda in the left hemisphere for parietal association cortex recordings. Location of recording was 3 mm posterior and 2.5 mm lateral to lambda in the right hemisphere for RCrusI recordings. Care was taken to avoid surface blood vessels during microelectrode insertion. Tungsten microelectrodes (World Precision Instruments Inc., Sarasota, FL; 3-µ m insulation, 0.356-mm shaft, 2 MΩ , 1-2-µ m tip) were inserted orthogonal to the parietal cortex surface and advanced to a depth of 450-500 μ m for recordings. The exposed dura was kept intact during surgery and was moistened with saline throughout the experiment. Electrophysiological activity was acquired, amplified, and bandpass filtered (400-20,000 Hz) with a MultiClamp 700B programmable amplifier (Axon Instruments, Molecular Devices, Sunnyvale, CA). CNO was administered intraperitoneally (i.p.) via a 1-mL syringe and tubing primed with CNO solution prior to i.p. insertion of a winged infusion set to allow injection of the required dose without air bubbles. The winged infusion set (Terumo Corp, Japan; 27Gx1/2, 20 cm of tubing) was inserted i.p. prior to insertion of recording electrode. Microelectrodes were left in situ for 10-15 min of baseline activity acquisition, followed by CNO i.p. injection, and data was continuously acquired for 65 min after the CNO injection. Movement of the mouse (and a possible change in location of the electrode within the brain) during CNO i.p. injection was prevented by virtue of (i) having the tubing fixed at multiple points in its length with adhesive tape, (ii) securing the injecting port to the Faraday cage with adhesive tape, and (iii) having the mouse on a vibration-isolation table (TMC, Peabody, MA) isolated from the Faraday cage so that any miniscule changes in pressure or movement of the injecting port while injecting CNO were not transmitted to the mouse.
For cerebellar recordings, whiskerpad-evoked activity 64 was elicited with twoneedle stimulating electrodes, insulated to within the point of entry into the skin, inserted into the skin between whisker rows A & B (parallel to the long axis of the whisker rows) and C & D along the whole length of the whisker rows. Unipolar biphasic current pulses (2 ms in total duration, 1.9 mA in current pulse amplitude) were administered 15 s apart, for a total of 200 trials. Single-unit electrodes and recording protocols for spontaneous activity were similar to those used for cortical spikes. The electrode was advanced in depth in 10 µ m steps orthogonally in CrusI until the characteristic high-firing Purkinje neuron was detected. Further confirmation of the depth of recording was done by observing complex spike suppression of simple spikes as characteristic of the Purkinje neuron layer.
Data analysis. Analysis was done offline using programs written in Matlab (Mathworks, Natick, MA). Extracellular multiunit action potentials (spikes) were detected as positive or negative voltage deflections that were 5 × greater than the median absolute deviation of a voltage recording [65] [66] [67] . To avoid multiple detections of the same spike, a 'detector dead time' of 1.5 ms followed each spike detection. Spikes were sorted into single units using the Matlab toolbox Wave_Clus [65] [66] [67] for semiautomated clustering and sorting of single units.
Cerebellar single-unit sorting for simple spikes was done similarly to that for cortical spikes. Evoked activity was plotted and evoked complex spikes were detected by human eye in a Matlab graphical user interface (GUI) window. Their occurrence timestamps were marked in the GUI and exported for comparison with timestamps of simple spikes.
Mouse magnetic resonance imaging. A total of 29 male mice were used for these studies. Total numbers included 13 mutant mice and 16 littermate controls. Mice received vehicle treatment starting at 6 weeks of age for a total of 4 weeks. Mice were then perfused with 4% PFA and 2 mM multihance (Bracco Imaging, Canada). A multichannel 7.0-Tesla MRI scanner (Agilent Inc., Palo Alto, CA) was used to image the brains, left within their skulls. Sixteen custom-built solenoid coils were used to image the brains in parallel 
Registration and deformation-based analysis.
To visualize and compare any differences in the mouse brains, the images were linearly (6 parameter followed by 12 parameter) and nonlinearly registered. All scans were then resampled with appropriate transform and averaged to create a population atlas representing the average anatomy of the study sample. The result of the registration was to deform all scans into exact alignment with each other in an unbiased fashion 69, 70 . The Jacobian determinants of the deformation fields were then used as measures of volume at each voxel. Significant volume changes could then be calculated by warping a pre-existing classified MRI atlas onto the population atlas, which allowed a volume of 159 segmented structures encompassing cortical lobes, large white matter structures (i.e., corpus callosum), ventricles, cerebellum, brain stem, and olfactory bulbs. This atlas built upon the Dorr atlas 71 with additional delineations of the cerebellum according to Steadman et al. 72 and the cortex according to Ullmann et al. 73 .
Anatomical correlations. Anatomical correlations were used as a measure of connectivity throughout the brain. Strong correlations between two regions in the brain have been taken as a measure of connectivity strength. Brain areas that are highly correlated in size have been demonstrated to be involved in systems that have specific functions 74 , such as the grey matter of the hippocampus, which correlates quite strongly with several areas known to be involved in the memory system 75 . This technique (structural covariance/connectivity MRI or scMRI) has been utilized in multiple human studies 74, [76] [77] [78] [79] [80] . One particular study in the human brain revealed covariance between cortical thickness of Broca's area and that of Wernicke's area across subjects, consistent with anatomic connectivity via the arcuate fasciculus. These findings highlight the information that can be obtained through these anatomical correlations 29 . Initial assessment of the anatomical correlations was targeted to examine the efferent projections from the deep cerebellar nuclei (DCN) based on the DCN projections outlined in The Mouse Nervous System by Watson, Paxinos, and Puelles
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. Statistics are summarized in Supplementary Table 3. Pearson's correlation coefficients were calculated separately and compared for the groups examined. P values were all calculated with linear models: CrusI-cortical structure for control and mutant groups individually and CrusI-cortical structure × genotype for the interaction. All calculations were performed in R. Behavioral analysis. Statistics of behavioral experiments can be found in Supplementary Tables 5 and 6 . No statistical methods were used to predetermine sample sizes, but our sample sizes are substantially larger than those reported in previous publications 7 . Behavioral studies were performed according to the following schedule: week one: rotarod; week two: open field, three-chambered apparatus, grooming, elevated plus maze; week three: water Y-maze; week four: olfaction. An additional cohort of mice had light-dark box and rhythmic licking tested during week three. Testing was performed during the morning hours for all behavioral experiments. Animals were group housed under a 12-h:12-h light:dark cycle. Chemogenetic studies involved the following controls: GFP infection (VEH and CNO) and DREADD infection (VEH and CNO) for all behavioral studies to control for DREADD activation, potential effects of vehicle, and CNO off-target effects.
Social interaction. Animals were tested for social interaction in the threechambered apparatus (Nationwide Plastics) as previously described 7, 82 . Briefly, animals were individually housed for 30 min before being introduced to the middle chamber of the three-chambered apparatus for 10 min. Animals were then allowed to explore the entire apparatus for 10 min. A novel animal and novel object were then inserted into opposite chambers in the apparatus and animals were tested for 10 min in this social approach model. Then, a novel animal (male, age-matched, C57BL/6j) was inserted into the chamber with the novel object and social novelty was evaluated for an additional 10 min. Time spent in each chamber and the number of crossings between chambers were recorded in an automated manner (Topscan, CleverSys Inc.). Time spent interacting with the novel animal and object was recorded with a stopwatch by an examiner who was blinded to experimental condition. Animals were tested between 7 and 9 weeks of age. Light at the center of the three chambered apparatus was 30 lux for all experiments. All behavioral assays (including social interaction) were performed by an examiner blinded to genotype.
Open field. Open field testing was performed as described for a 15-min period 7, 83, 84 . Movement and time spent in the center quadrants were recorded by video camera, and automated analysis was performed using Noldus Ethovision software. Light at the center of the open field was 40 lux. Animals were tested between 7 and 9 weeks of age.
Elevated plus maze. Elevated plus maze testing was performed as previously described for a 5-min period 7, 83 . Distance traveled and time in open arms were recorded by video camera, and automated analysis was performed using Noldus Ethovision software. Light in the open arms was 15 lux. Animals were tested between 7 and 9 weeks of age.
Grooming. Animals were removed from home cages and placed individually into new cages containing bedding only. Animals were allowed to habituate to the new cage for 10 min. Animals were then observed for 10 min, and time spent grooming was recorded by an examiner blinded to experimental condition/genotype 7, 85 . Animals were tested between 7 and 9 weeks of age.
Water Y-maze. Reversal learning was tested using the water Y-maze as described previously 7, 83, 86 . Briefly, animals were habituated to the apparatus. Then, on trial sessions 1-3, mice were given 15 trials and tasked to locate a submerged platform placed in one of the maze arms. After trial session 3, the platform was moved to the other arm of the Y shaped apparatus. Mice were then tested for three additional sessions with 15 trials/session (reversal trials 1-3). Animals underwent two trial sessions per day. The numbers of correct trials and number of trials required to achieve five consecutive correct trials were recorded. Animals were tested between 9 and 10 weeks of age.
Olfaction. Olfaction was tested using the habituation/dishabituation experimental model described and performed previously 7, 87 . Briefly, animals were habituated to the testing environment for 30 min, then presented sequentially with cotton swabs dipped in water, almond extract, or banana extract diluted at 1:200 (McCormick). Mice were exposed to each olfactory stimulus for three trials. Time spent sniffing each olfactory stimulus was recorded.
Accelerating rotarod. Animals were tested using the accelerating rotarod as previously described over 5 consecutive days 7, 88 . Animals were tested at 6 weeks of age. Latency to fall was recorded.
Light/dark Box. Mice were habituated in the dark side of the chamber for 2 min prior to commencement of the 10 min trial. With commencement of each trial, the door between the light and dark boxes was opened and mice were allowed to freely move within the chambers. Data was collected with photobeam tracking software (Medtronic). Light level was 300 lux. Light and dark sides of the apparatus were 25.4 cm × 25.4 cm.
Licking. In the week prior to testing, mice were water restricted for 12 h at a time, receiving water at 1-h intervals three times per day during training and acclimation to testing environment. During testing, mice were allowed to habituate to the cage for 20 min without water. Commencement of the test occurred upon addition of the water bottle. The water supply and the bottom of the cage were connected to an A/D converter to create a closed-loop circuit when the mouse drank from the bottle 89 . Data was collected using Gobetwino programming software.
Immunohistochemistry. Mice were perfused and postfixed with 4% paraformaldehyde. Sections were prepared by cryostat sectioning. Calbindin (Sigma, Cell Signaling) staining for PNs was used for quantification of infection efficiency. 
Statistics
Data exclusions
Describe any data exclusions. For mouse studies, ROUT methodology in Graphpad Prism was utilized to determine the presence of outliers. For human studies, participants were excluded primarily due to data quality control (in children with autism and neurotypical control children) and technical issues leading to unusable data (in neurotypical adults). Exclusion criteria are described in the Methods.
Replication
Describe whether the experimental findings were reliably reproduced. In the mouse studies, all attempts at replication were successful. An additional cohort was performed to further demonstrate reproduction of results that RCrusI inhibition was sufficient to generate ASD-relevant behaviors, and results corroborated initial findings. In the human studies, no replication samples were conducted.
Randomization
Describe how samples/organisms/participants were allocated into experimental groups.
For mouse studies, available litters with appropriate mice and controls were used for procedures or behavioral testing. A statement to this point is included in the Methods ("Mice", page 33-34). For human studies, neurotypical adults were randomly assigned to a tDCS condition. In children with and without ASD, clinical profile determined the groups.
Blinding
Describe whether the investigators were blinded to group allocation during data collection and/or analysis.
In the mouse studies, all behavioral assays were performed in blinded fashion (Methods, "Behavioral Analysis", page 39-42). In the neurotypical humans, participants were blind to the tDCS condition received.
Note: all studies involving animals and/or human research participants must disclose whether blinding and randomization were used.
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Statistical parameters
For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or the Methods section if additional space is needed).
n/a Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)
A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same sample was measured repeatedly.
A statement indicating how many times each experiment was replicated
The statistical test(s) used and whether they are one-or two-sided (note: only common tests should be described solely by name; more complex techniques should be described in the Methods section)
A description of any assumptions or corrections, such as an adjustment for multiple comparisons
The test results (e.g. p values) given as exact values whenever possible and with confidence intervals noted A summary of the descriptive statistics, including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)
Clearly defined error bars
See the web collection on statistics for biologists for further resources and guidance.
Software
Policy information about availability of computer code
Describe the software used to analyze the data in this study.
Graphpad prism, SPM12, MATLAB
For all studies, we encourage code deposition in a community repository (e.g. GitHub). Authors must make computer code available to editors and reviewers upon request. The Nature Methods guidance for providing algorithms and software for publication may be useful for any submission.
Materials and reagents
Policy information about availability of materials
Materials availability
Indicate whether there are restrictions on availability of unique materials or if these materials are only available for distribution by a for-profit company.
None
Antibodies
Describe the antibodies used and how they were validated for use in the system under study (i.e. assay and species). n/a
Policy information about studies involving animals; when reporting animal research, follow the ARRIVE guidelines
Description of research animals
Provide details on animals and/or animal-derived materials used in the study.
L7/Pcp2-Cre (L7Cre) transgenic mice13 were attained from Jackson Laboratories. L7cre; Tsc1flox/flox (mutant) animals were generated by crossing L7/Pcp2-Cre (L7Cre) transgenic mice with floxed Tsc1 mice (Tsc1flox/flox) 14 to yield L7Cre;Tsc1 flox/+ progeny. These progeny were then crossed with one another to ultimately yield Tsc1flox/flox and L7Cre;Tsc1flox/flox (mutant) mice. These were then used as breeders with Tsc1flox/flox mice crossed to L7Cre;Tsc1flox/flox mice. Only male animals were used for behavioral experiments. Mice were of mixed genetic backgrounds (C57Bl/6J, 129 SvJae, BALB/cJ). Littermate controls were used for all behavioral experiments. Specific ages are detailed in Methods ("Behavioral Analysis", page 39-42) for behavior.
Policy information about studies involving human research participants
Description of human research participants
Describe the covariate-relevant population characteristics of the human research participants.
Full details in Methods (pages 26-28). Thirty-five participants (23 females, 12 males; mean age=23.79 ± 2.71 years) took part in this study. The study was approved by the Georgetown University Medical Center Institutional Review Board. All participants provided written informed consent and were compensated for their time. Participants were all right-handed, native English speakers with no history of neurological conditions, head trauma, psychiatric or developmental disorders, and no contraindications for tDCS or MRI. Participants were randomly assigned to either the anodal (n=20; 6 males) or sham (n=15; 6 males) tDCS group upon arrival at the scanning center. We prioritized assignment of participants to the active tDCS condition. We excluded one subject from all imaging analyses due to the presence of scanner artifact unrelated to the current experiment, leaving a final sample of 34 participants (23 females, 11 males; mean age=23.75 ± 2.74 years; n=19 anodal [5 males], n=15 sham [6 males]). We also excluded one additional participant from the during-tDCS analyses due to scanner malfunction during tDCS data collection (during tDCS, n=33; 22 females, 11 males; mean age=23.82 ± 2.76 years; n=18 in the anodal group [5 males] and n=15 in the sham group [6 males]).
Participants with autism spectrum disorder. To examine functional connectivity in a group of participants with autism spectrum disorder (ASD), we analyzed resting-state functional magnetic resonance imaging (rsfMRI) scans collected from children aged 8-13 years old. Eighty-one children had a diagnosis of ASD (mean age=10.36±1.44), and eighty-one were typically developing (TD) children (mean age=10.39±1.17) drawn from a larger sample of 195 TD children with usable rsfMRI data (Table S4) . Data were acquired as part of an on-going study at the Center for Neurodevelopmental and Imaging Research (CNIR) at the Kennedy Krieger Institute (KKI). Participants were recruited via advertisements posted in the community, local pediatricians' and psychologists' offices, local schools, social service organizations, chapters of the Autism Society of American, the Interactive Autism Network (IAN) database, outpatient clinics at Kennedy Krieger Institute, and word of mouth. The study was approved by the Johns Hopkins Medical Institutional Review Board. Written consent was obtained from a parent/guardian and assent was obtained from the child.
